INTRODUCTION
Here, we show that Dgrn limits the activity of Hey and all HES family members, except Her, in vivo. Dgrn/RNF4 interacts physically with the Hairy and Dpn HES proteins and they are substrates for its E3 ubiquitin ligase activity. A null mutation for Dgrn is female sterile with embryos from homozygous null mothers arresting after only two or three nuclear divisions and exhibiting accumulation of SUMOylated proteins, probably owing to a conserved role for Dgrn in genome stability. Genetic experiments using this null mutation indicate that Dgrn is essential for sex determination, neurogenesis and segmentation, all of which require the activity of HES family members. As shown for the interaction of Dgrn with Hairy during segmentation, Dgrn interferes with Gromediated repression during sex determination, thereby de-repressing transcription of Sxl. Additionally, Dgrn interacts genetically with the Notch signaling pathway and, consistent with Dgrn's roles in segmentation and sex determination, directly antagonizes the E(spl)-C proteins, direct effectors of Notch signaling.
MATERIALS AND METHODS

Fly strains and genetics
Flies were cultured and crossed on yeast-cornmeal-molasses-malt extract medium at 25°C. The alleles used in this study were: w, pCog-GAL4::VP16; p[GAL4-nos.NGT40]40; p[GAL4::VP16-nos.UTW]MVD1 (Grieder et al., 2000) , PBac{WH}CG10981 f05920 (Exelixis Collection at Harvard), His2AvD (Clarkson and Saint, 1999) , sGMCA (Kiehart et al., 2000) , SxlPe-LacZ 3.0kb (Estes et al., 1995) 
GFP-Dgrn transgenic flies contain a GFP-Dgrn fusion gene that is expressed under the control of the endogenous Dgrn promoter. A 2822 bp
KpnI/XbaI genomic fragment was cloned into the pCaSpeR4 transformation vector and GFP was fused in-frame at the ATG of Dgrn. The resulting GFPDgrn fusion constructs were used to make germline transformants. UASDgrn (1-319aa) transgenic flies were made by cloning the full length Dgrn ORF (960 bp) into pUASp as an XbaI/XhoI fragment. UAS-Dgrn I268A and UAS-Dgrn HC/AA (H300A+C302A) point mutations were generated from the full length Dgrn construct using primers that substitute alanines for the amino acids indicated and were cloned into pUASp as XbaI/XhoI fragments. UASDgrn ⌬SIMs was generated by deletion of 75-87 aa, 181-184 aa, 202-210 aa and 239-242 aa from the wild-type Dgrn cDNA and cloned into the UASp vector. All pUASp and pCaSpeR4 constructs were used to make germline transformants as described previously (Spradling, 1986) . All transformant lines used in this study were mapped to a single chromosome and shown to have non-lethal insertions.
Plasmids and constructs
The following constructs were used: Dgrn (1-319 aa), Her (1-149 aa), Hey (1-425 aa) and Side (1-507 aa). Dgrn I268A , Dgrn HC/AA and UAS-Dgrn ⌬SIMs were generated as described above. These constructs were cloned into pCite, pGEX and/or pUASp vectors using standard PCR cloning techniques.
Protein expression and GST pull-down assays
Protein expression and GST pull-down assays were performed as described previously (Linardopoulou et al., 2007; Poortinga et al., 1998; RosalesNieves et al., 2006) .
Northern analysis
Northern blot analysis was performed as described previously (Poortinga et al., 1998) . RNA was isolated from ovaries and 0-to 4-hour-old embryos.
Antibody production and characterization
Polyclonal mouse antiserum against Dgrn was generated by immunizing BALB/c BYJ Rb(8.12) 5BNR/J mice (Jackson Labs) with a GST fusion to Dgrn (1-319 aa). Western blotting was used to test antibody specificity against endogenous protein in whole-cell, nuclear and S2 cell extracts (Fig.  1 ). Wild-type Drosophila whole-cell (from 0-to 2-hour-old embryos) and nuclear (from 0-to 12-hour-old embryos) extracts were gifts from Toshi Tsukiyama (Fred Hutchinson Cancer Research Center, Seattle, WA, USA).
Immunofluorescence and western blots
Immunofluorescence, confocal microscopy and live imaging of embryos were performed as described previously (Rosales-Nieves et al., 2006; Liu et al., 2008 
Reporter and in vitro ubiquitylation assays
The Sxl-P E reporter assay system was described previously (Hoshijima et al., 1995) . Luciferase and Renilla (control) activity were assayed using the Dual Reporter Assay (Promega) 48 hours after transfection of Drosophila Kc cells as described (Abed et al., 2011) . In vitro ubiquitylation assays with ubiquitin were carried out as described previously (Ben-Saadon et al., 2006) .
RESULTS
Dgrn interacts physically with Hey and all HES family members except Her
Dgrn interacts directly with the basic domain of bHLH protein Hairy (Abed et al., 2011) . As the basic domain is highly conserved among Hey and all HES family members (Fig. 1A) , we examined the ability of Dgrn to interact with Hey and the remaining HES family members using GST pulldown assays. As expected, we found that Dgrn interacts physically with Hey and all HES family members, with the exception of HES-related (Her) (Fig. 1B,D) . Dgrn also bound to a subset of activator bHLH proteins (see Fig.  S1 in the supplementary material). Consistent with these interactions, Hey and all HES family members except Her were substrates for the E3 ubiquitin ligase activity of Dgrn (see Fig. S1 in the supplementary material; data not shown). This activity is functionally conserved as the mammalian ortholog of Dgrn, RNF4, can ubiquitylate Drosophila Hey and HES proteins (see Fig. S1 in the supplementary material; data not shown) (Abed et al., 2011) .
Dgrn displays dynamic subcellular localization, but is present in the nucleus at times when Hey and HES family members are known to be active Northern blot analysis indicated that a Dgrn transcript is expressed in both the adult ovary and the developing embryo (Fig. 1F) . To investigate the biological role of Dgrn in Drosophila embryogenesis we generated a mouse polyclonal antibody using a GST-tagged full length Dgrn protein. This polyclonal antibody recognizes specifically Dgrn protein in nuclear and whole-cell extracts, as well as full-length protein in embryo or S2 cell extracts (Fig. 1G,H) . Wild-type embryos stained with this antibody exhibited cytoplasmic subcellular Dgrn localization in the early embryo ( Fig. 2A-IЉЉ ). In addition, Dgrn also accumulated in the nucleus at specific stages, including nuclear cycles 5, 9, 12 and 14A ( Fig. 2A -AЉЉ,C-CЉЉ,F-FЉЉ,H-HЉЉ). In general, stages in which Dgrn was present in the nucleus correspond to times when HES family members are known to be active. At nuclear cycle 12, the
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HES family members Dpn, and possibly Hey and Her, are required for sex determination (Erickson and Quintero, 2007; Lu et al., 2008) . At nuclear cycle 14A, the HES family member Hairy is required for proper segmentation. The nuclear staining of Dgrn seen at nuclear cycle 9 ( Fig. 2C-CЉЉ) does not correspond to a known time when HES family members are active, and thus indicates either a previously undescribed Hey or HES family activity, or a Hey-or HES-independent activity of Dgrn. Following cellularization, Dgrn expression is predominantly cytoplasmic. However, Dgrn does continue to exhibit nuclear localization coincident with HES family activity. In particular, we observed accumulation of Dgrn in the nuclei of neuroblasts, development of which is dependent on E(spl)-C activity (Fig. 2J-LЈ) . Interestingly, Dgrn accumulation also prefigured morphogenetic furrows in gastrulating embryos: cells adjacent to morphogenetic furrows showed a higher accumulation of Dgrn that persists throughout gastrulation (see Fig. S2 in the supplementary material). None of the patterns described above was observed when staining embryos with pre-immune sera (data not shown).
dgrn null mutants are female sterile with embryos arresting after two or three nuclear divisions To study the role of Dgrn in vivo, a dgrn null mutation was generated using imprecise P-element excision ( Fig. 1E; after two or three nuclear divisions (88% penetrant, n736) ( Fig.  3A-CЈ) . Staining dgrn DK null embryos with anti--lamin to visualize the nuclear envelope showed that although nuclear envelope can form in these mutants, it does so around chromosome pieces rather than as a single nucleus (Fig. 3D ,DЈ).
Late arrest dgrn DK null embryos display abnormal nucleus localization
Twelve percent of dgrn DK null mutant embryos overcame the early arrest phenotype and developed further; however, they still arrested prior to gastrulation with a phenotype in which nuclei make it to the surface in patches and many of the nuclei that do reach the surface subsequently fall inwards (referred to as late arrest dgrn DK null mutants; Fig. 3E -N). These nuclei fell from the surface of the mutant embryos and formed a halo just under the surface, as well as aggregating in the center of the embryo (Fig. 3M,N) . Only an occasional nucleus was seen to fall from the surface of wild-type embryos, and no central nuclear aggregation was observed. AntiLamin staining in these mutant embryos showed that most nuclei could form a single nuclear envelope; however, distortions in nuclear shape and size were common ( Fig. 3O -PЈ). To characterize further this nuclear arrest phenotype, we performed time-lapse confocal microscopy on wild-type and dgrn f05920 mutant embryos using a histone-GFP reporter (His2AvDGFP) (Clarkson and Saint, 1999) . Wild-type embryos expressing histone-GFP showed evenly distributed nuclei, synchronous nuclear divisions and normal development ( Fig. 3Q -Qٞ; see Movie 1 in the supplementary material). dgrn f05920 mutant embryos expressing histone-GFP exhibited non-uniform nuclear distribution with patches of nuclei making it to the surface of the embryo (Fig. 3R ). Many of the nuclei that reached the surface of the embryo subsequently fell inwards. At the time corresponding to gastrulation, massive nuclear movements occurred and the nuclei at the surface of the embryo coalesced ( Fig Previous studies have shown that centrosomes reach the surface of an embryo with the nuclei and often remain there even when the nucleus falls from the embryo's surface (Sullivan et al., 1990) . To determine whether the nuclei in the center of dgrn mutant embryos never reached the surface or reached the surface then fell back inside, we stained dgrn DK null embryos with -tubulin or Centrosomin (Cnn), markers of centrosomes. dgrn DK null embryos had regions where no nuclei reach the embryo surface, as well as regions where the nuclei properly associated with two centrosomes at the surface ( Fig. 3S ,SЈ; data not shown). Consistent with the time-lapse movie analyses, some regions of dgrn DK null embryos had centrosomes not associated with nuclei, indicative of nuclei reaching the surface and subsequently falling inward (Fig. 3SЈ ). Co-staining dgrn DK null embryos with -tubulin and -tubulin demonstrated that centrosomes free of nuclei are still able to act as microtubule organizing centers (Fig. 3T ,TЈ). dgrn mutants exhibit cytoarchitecture defects Defects in the actin cytoskeleton have also been linked to loss of surface nuclei (Sullivan et al., 1993; Rothwell et al., 1998 . Note that UAS-Dgrn embryos show a 4.6-fold increase in Sxl expression compared with wild type. (N-P)A transgenic Sxl-P E -lacZ reporter was incorporated into a wild-type (N,O) and dgrn DK null (P) background. This in vivo Sxl-lacZ reporter is not activated in dgrn DK null embryos. (Q-S)Transcription assays using the Sxl-P E promoter-luciferase fusion that is activated by Da and Sc. Dpn (Q), Gro (R) and Ubc9 (S) repress transcription of Sxl, which is alleviated by the co-expression of wild-type Dgrn. By contrast, Dgrn ( Fig. 3V-Vٞ ; see Movie 4 in the supplementary material). Consistent with actin remaining at the surface of the embryo, cross-sections through the middle of these embryos showed that actin accumulation occurs at the periphery (Fig. 3W,X) .
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dgrn DK mutant embryos accumulate SUMO conjugated proteins
The yeast homologs of Dgrn have been shown to be involved in genome stability, with this role being dependent on their STUbL activity (c.f. Burgess et al., 2007) . Mutating the yeast or human homologs of Dgrn results in an increase of SUMOylated proteins and inability to cope with genotoxic stress (c.f. Prudden et al., 2007; Sun et al., 2007) . If Dgrn is a bona fide STUbL protein, we would expect to see higher SUMO levels in dgrn DK null embryos.
As expected, Western blot analysis showed a 2-fold increase of SUMO-conjugated proteins in dgrn DK null embryo lysates (Fig.   3Y ). This increase in SUMOylated proteins was also seen in embryos (see Fig. S3 in the supplementary material).
Dgrn is involved in the proper transcriptional control of the master sex determinant gene Sex lethal HES family repressors have been shown to play a pivotal role in Drosophila sex determination by controlling the expression of Sxl (Parkhurst et al., 1990; Younger-Shepherd et al., 1992; Lu et al., 2008) . Sxl activity is required for female development and is expressed in all female cells, whereas males do not require Sxl activity and do not express Sxl protein. However, misexpression of Sxl in males results in lethality due to aberrant dosage compensation (Cline, 1978; Maine et al., 1985) . As Dgrn interacts physically with the subset of HES proteins affecting sex determination, we examined Sxl expression in dgrn DK null mutant embryos and found that Sxl protein was not expressed (Fig. 4A -CЈ). Sxl protein expression was also not detected in Western blot analysis of lysates generated from dgrn DK null mutant embryos (Fig. 4L) . Conversely, overexpressing full-length Dgrn maternally using the UAS-Gal4 conditional expression system (Brand and Perrimon, 1993) led to the overexpression of Sxl in females and the misexpression of Sxl in males (Fig. 4D,E) . Consistent with this altered Sxl expression, only <1% of expected male progeny were recovered when wild-type Dgrn was ectopically expressed (99% of progeny were female, n777; Table 1A ). Both Dgrn's E3 ubiquitin ligase and STUbL activities were required for this phenotype as overexpressing point mutations disrupting its RING finger domain structure (Dgrn HC/AA ), disrupting its E3 ubiquitin ligase activity (Dgrn I268A ) or deleting its conserved SIM domains (Dgrn DSIMs ), did not affect Sxl expression (Fig. 4F-K) or adult sex ratios (Table 1A) . Western blot analysis of lysates generated from embryos ectopically expressing wild-type Dgrn or the Dgrn point mutants reflected these changes in Sxl expression (Fig. 4M) .
Consistent with Dgrn's effects on Sxl expression in vivo, Dgrn counteracted the repressor activity of the HES family member Dpn on an in vivo Sxl reporter in embryos. Transcription of Sxl is activated by Scute (Sc)-Daughterless (Da) heterodimers and this activation is repressed by Dpn or Gro. A transgenic line with the Sxl-P E promoter region fused to the lacZ gene (Estes et al., 1995) was placed in a dgrn mutant background. Loss of Dgrn led to loss of expression for this SxlP E -lacZ reporter ( Fig. 4N-P) , indicating that Dgrn controls the expression of Sxl protein at the level of transcriptional regulation. Owing to genetic incompatibilities, we have been unable to generate lines in which to examine potential dgrn-dpn genetic interactions.
To define further the role that Dgrn plays in HES-mediated transcriptional repression, we examined the ability of Dgrn to influence Dpn repression of Sxl in transcription assays using the same Sxl-P E promoter in Drosophila Kc cells ( Fig. 4Q-S ; see Fig. S1 in the supplementary material) (Estes et al., 1995; Hoshijima et al., 1995) . Sxl transcription activated by Da-Sc heterodimers was repressed when Dpn is co-expressed (Fig. 4Q) . Dpn recruits the co-repressor Gro, which is required to repress Sxl expression (Paroush et al., 1994) . Co-overexpression of Gro with Da-Sc also repressed transcription from the Sxl promoter (Fig. 4R) . Importantly, activation of the Sxl promoter by Da-Sc could be repressed by cooverexpression of Ubc9 (Lwr -FlyBase; SUMO ligase) (Fig. 4S) . In this assay, Dgrn alleviated the repression of the Sxl promoter induced by either Dpn or Gro (Fig. 4Q,R) . Similar to the molecular interaction of Dgrn with Hairy and Gro on the achaete promoter (Abed et al., 2011) , the loss of Dgrn's ubiquitin ligase activity (Dgrn HC/AA ), blocked the ability of Dgrn to alleviate Dpn, Gro and Ubc9 repression. Importantly, whereas disruption of its STUbL activity (Dgrn DSIMs ) only reduced Dgrn's ability to counteract repression of the Sxl promoter by Dpn and Gro, it blocked its ability to alleviate Ubc9-mediated repression (Fig. 4Q-S) . Consistent with the ability of Dgrn overexpression to repress Da-Sc activation at the Sxl promoter, we found that Dgrn efficiently ubiquitylated Dpn in an in vitro reconstituted system (Fig. 4T) . Thus, Dgrn controls the expression of Sxl protein at the level of transcriptional regulation (Fig. 4U) .
Dgrn antagonizes E(spl)-C activity during Drosophila neurogenesis
In addition to their roles in sex determination and segmentation, HES family members play pivotal roles in the specification and development of the peripheral and central nervous systems (c.f. Davis and Turner, 2001) . As dgrn mutant embryos do not survive past the onset of gastrulation, we assessed Dgrn's role in neurogenesis using the UAS-Gal4 system to ectopically express wild-type Dgrn and two Dgrn mutations (Dgrn HC/AA and Dgrn ⌬SIMs ). Overexpressing GFP, Dgrn, Dgrn HC/AA or Dgrn ⌬SIMs using the C253 Gal4 driver (Orian et al., 2007) led to adult flies with wild-type thoracic bristles (indicators of underlying neurogenesis; Fig. 5A-D ; Table 1B ). By contrast, ectopically expressing E(spl)m8 (a member of the E(spl)-C) or Hey led to a bald phenotype in which adult flies do not have bristles (100%, n53; Fig. 5E ; Table 1B ; data not shown). We found that ectopic Dgrn expression suppressed the activity of E(spl)m8 and Hey in bristle development (48%, n90, P<0.001; data not shown), and that this suppression was dependent on functional RING and SIM domains ( Fig. 5F-H ; Table 1B ). Consistent with the role of Dgrn in adult neurogenesis, we found that ectopically expressing Dgrn maternally disrupted PNS development and the resulting adult females were unable to expand their wings (see Fig. S4 in the supplementary material) .
Dgrn interacts genetically with the Notch signaling pathway
As HES family repressors are induced by Notch and are substrates for Dgrn, we wanted to test whether Dgrn modulates Notch activity. In addition, a recent study showed that the master sex determinant protein Sxl negatively regulates Notch signaling (Penn and Schedl, 2007) . As we found that Dgrn regulates the expression of Sxl, we explored whether Dgrn interacts genetically with the Notch signaling pathway using a sex specific allele of Notch (N 1 ). N 1 leads to viable heterozygous females with notched wings (Fig. 6B ), but is lethal to males (100% ; Table 1C ). When dgrn mutations were put in trans with N 1 , male lethality was partially rescued (7% for dgrn 17615 , P0.0001; 2% for dgrn DK , P0.0003) ( Fig. 6C; Table 1C ). This partial rescue of the N male lethality when Dgrn was reduced in this Notch mutant is probably due to an interaction between Dgrn, Sxl levels and the negative regulation of Notch signaling by Sxl, as females still showed a notched wing phenotype (Fig. 6D) (Penn and Schedl, 2007) .
We found that reducing Dgrn also rescued the loss of veins associated with the N gain-of-function allele N
AX1682
. The wings of adult wild-type flies consist of a conserved vein organization where longitudinal vein 4 (L4) and longitudinal vein 5 (L5) run to the periphery of the adult wing (Fig. 6E) . N is normally involved in refining the longitudinal veins; however, the N AX1682 gain-of-function allele led to the loss of L4 and L5 at the periphery of the wing (Fig.  6E,F) . The dgrn DK null mutation placed in trans to the N AX1682 allele rescued the truncation of L4 (100% penetrance, n>50; Fig. 6G ). Thus, Dgrn appears to interact genetically with multiple facets of Notch signaling, depending on the stage of development of the embryo. (E,F)Ectopic expression of UAS-E(spl)m8 leads to a loss of thoracic bristles in the adult fly (E); however, this 'bald' phenotype is suppressed by co-expression of UAS-Dgrn (F). Note the increase of thoracic bristles. (G,H)Co-expression of UAS-E(spl)m8 along with either UAS-Dgrn HC/AA (G) or UAS-Dgrn ⌬SIMs (H) does not suppress the E(spl)m8 bald phenotype.
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). Dgrn, a new Hey and HES family regulator, encodes the Drosophila homolog of the mammalian SUMO-targeted ubiquitin ligase (STUbL) protein RNF4 (Abed et al., 2011) . Dgrn binds the basic domain of Hey and all of the HES family members, except Her, and facilitates the ubiquitylation of these factors. Abed and colleagues (Abed et al., 2011) have shown that the ubiquitylation of Hairy does not lead to its degradation, but rather interferes with the ability of Hairy to recruit Gro, thereby antagonizing Hairy's repressive activity. Consistent with this, we find that dgrn mutant embryos show defects in segmentation (see Fig. S5 in the supplementary material). We suggest that, similar to Dgrn's interaction with Hairy in segmentation, the ubiquitylation of other HES family members or Hey leads to their inability to recruit the cofactor Gro and thus antagonizes the repressor activity of this protein family. Consistent with this, we find that loss of Dgrn function affects known Hey and HES family early functions, including sex determination and nervous system development. It was surprising that Dgrn is female sterile rather than exhibiting zygotic lethality. Another, as yet unidentified, STUbL protein might function redundantly to Dgrn postzygotically. As the early Drosophila embryo develops essentially as a closed system running on maternally provided mRNA and proteins, the early syncytial embryo relies heavily on translational and post-translational modifications to control protein activity. Both Dgrn and Gro are maternally contributed and ubiquitously distributed. Thus, Dgrn might be recruited to the nucleus at different times during these early developmental stages to attenuate Gro's ability to be a potent corepressor in the absence of active transcription, thereby modulating Hey and HES family activity. dgrn mutant embryos exhibit early arrest phenotypes consistent with a conserved role for Dgrn in genome stability Dgrn's human homolog is the transcriptional cofactor and STUbL protein RNF4. Indeed, human RNF4 acts as a functional homolog of Dgrn (see Fig. S1D ,E in the supplementary material) (Abed et al., 2011) . RNF4 has also been shown to be a functional ortholog of the Rfp1/Rfp2-Slx8 heterodimer (from now on referred to as Rfp-Slx8) in S. pombe (Kosoy et al., 2007; Prudden et al., 2007) and the Slx5-Slx8 heterodimer in S. cerevisiae (Uzunova et al., 2007) . RNF4 and the yeast Rfp-Slx8 and Slx5-Slx8 heterodimers have been shown to be important for DNA repair, kinetochore assembly and genome stability, with the loss of these proteins leading to fragmented chromosomes, elongated nuclei, asymmetric positioning of the nuclei and an accumulation of SUMOylated proteins (Burgess et al., 2007; Kosoy et al., 2007; Prudden et al., 2007; Sun et al., 2007; Mullen and Brill, 2008; Cook et al., 2009; Mukhopadhyay et al., 2010) .
The budding yeast Slx5-Sx8 proteins were identified as a complex of proteins required for the viability of SGS1 (a gene encoding the only RecQ helicase involved in genomic integrity in S. cerevisiae) mutant cells (Mullen et al., 2001) . In Drosophila, loss of RecQ5 function leads to the loss of synchronous divisions in the syncytial embryo, an increased number of double strand breaks and a slight increase in the number of abnormal nuclei falling from the surface of the embryo (Nakayama et al., 2009) . Mutations of the RecQ family member DmBlm (mus309 -FlyBase; the Drosophila ortholog of human BLM, which leads to the human disorder Bloom Syndrome when mutated) are female sterile with severe defects in embryogenesis: syncytial embryos frequently include anaphase bridges, gaps in the normally uniform monolayer of nuclei and asynchronous mitoses (McVey et al., 2007) .
Recently, smt3 (SUMO) mutant embryos were shown to display embryonic nuclear cycle defects, including irregular size and distribution of nuclei, chromosome clustering, chromosome bridges, fragmentation and reduced number of nuclei in relation to the centrosome pairs (Nie et al., 2009 ). Nie et al. (Nie et al., 2009) identified several cell cycle factors that are substrates for SUMOylation and propose that SUMOylation of these factors is important for controlling the cell cycle. The fragmented and decondensed nuclei observed in the early arrest phenotypes of dgrn DK null embryos (Fig. 3A-CЈ) are reminiscent of the Slx8-Slx5 mutant phenotypes, fly RecQ mutant phenotypes and smt3 mutant phenotypes, suggesting that the role of STUbL proteins in genome stability and DNA repair might be a conserved function.
Alternatively, mutations in actin cytoskeleton and cell cycle checkpoint components in Drosophila have also been shown to exhibit nuclear arrest phenotypes. Defects in cell cycle checkpoint proteins, including Pan Gu, Plutonium and Giant Nuclei affect the S-phase checkpoint in the early embryo such that mutation of any of these genes leads to unregulated S-phase, resulting in giant polyploid nuclei (Freeman and Glover, 1987; Elfring et al., 1997; Fenger et al., 2000; Lee et al., 2003) . Disruption of the actin cytoskeleton can also lead to nuclear division abnormalities of cortical nuclei. For example, the scrambled and nuclear fallout mutants exhibit severe abnormalities in the appearance and localization of cortical nuclei (Rothwell et al., 1998; Sullivan et al., 1993) . Further experiments will be needed to determine the molecular mechanism(s) underlying Dgrn's early arrest phenotype. However, regardless of the mechanism, this represents a new function for Hey or HES family proteins or a function for Dgrn that is not HES-dependent. Dynamic Dgrn nuclear localization suggests possible novel Hey or HES family activities Interestingly, nuclear cycles during which Dgrn accumulates in the nucleus correspond to times when HES family members are active, which would be necessary for Dgrn to interact physically with HES proteins and subsequently affect their functions. One exception to this is Dgrn nuclear localization at nuclear cycle 9. There are no known HES family activities at nuclear cycle 9; however, several HES family members are yet to be characterized molecularly and genetically. Dgrn also exhibits a novel accumulation pattern during the gastrulation stages where it prefigures morphogenetic furrows, suggesting a possible role for Hey or HES family members in morphogenesis. Chromatin profiling experiments identifying direct transcriptional targets of Hairy identified a number of targets important for morphogenesis, suggesting that Hairy might play a role in morphogenesis (Bianchi-Frias et al., 2004) . Consistent with this, a new hairy allele (h 674 ) was reported to affect the early stages of salivary gland morphogenesis (Myat and Andrew, 2002; Abrams et al., 2003) . Thus, although Dgrn might work with Hey, Hairy and/or other HES family members during these times, it also remains possible that these Dgrn activities are Hey-and HES-independent.
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Dgrn antagonizes the activities of Hey and HES family members in sex determination
Dpn is a negative regulator of Sxl (Younger-Shepherd et al., 1992; Barbash and Cline, 1995) . dpn mutants have a modest effect on Sxl in males leading to ectopic expression from the Sxl-Pe promoter that is sufficient to induce the inappropriate female fate in some cells (Barbash and Cline, 1995) . The Hey and HES family co-repressor Gro has also been shown to act as a negative regulator of Sxl, as the loss of maternal Gro results in severe misexpression of Sxl in males leading to female fate (Paroush et al., 1994) . The relatively mild effect of Dpn on Sxl regulation compared with Gro led Lu and colleagues (Lu et al., 2008) to search for additional HES family proteins involved in Sxl regulation. They identified Hey as a maternal repressor of Sxl-Pe, albeit in a spatially variable pattern in males (Lu et al., 2008) . Unlike the mammalian homologs of Hey, which are unable to bind Gro presumably owing to its C-terminal YRPW domain (c.f. Fischer and Gessler, 2007) , we find that Drosophila Hey binds Gro in GST pulldown assays (see Fig. S1B ,C in the supplementary material). Our data suggests that Dgrn is an important player in sex determination where it interferes with the repressive activities of Dpn and Gro; we find that both Dpn and Hey are substrates for Dgrn's E3 ubiquitin ligase activity (see Fig. S1 in the supplementary material). In addition, Sxl protein staining and in vitro transcription assays demonstrate that Dgrn antagonizes the repression of Sxl. As proposed for the interaction of Dgrn with Hairy during segmentation (Abed et al., 2011) , we find that Dgrn provides a new level of control over the activity of Hey and the HES family members in sex determination. This control is mediated by ubiquitylation that probably disrupts the ability of these repressors to recruit Gro, thereby antagonizing their ability to repress transcription of Sxl-Pe in males.
Erickson and colleagues have recently proposed that sex in Drosophila is not determined by the ratio of X-chromosomes to sets of autosomes (X:A ratio), but rather by X chromosome dose (Erickson and Quintero, 2007; Lu et al., 2008) . The authors speculate that a feedback mechanism in females is caused by the acetylation of chromatin, which inhibits Gro-mediated repression. Interestingly, our finding that Dgrn antagonizes Gro activity via the ubiquitylation of Hey and HES family repressors and targets SUMOylated Gro for sequestration provides an alternate scenario for this feedback mechanism in females.
Dgrn antagonizes Notch signaling Notch (N), through the E(spl) proteins (its downstream targets), heads one of the major developmental signaling pathways that functions in progenitor cell fate determination and differentiation (Bray, 1998; Fischer and Gessler, 2007) . Recently, Sxl has been shown to inhibit Notch RNA translation and to negatively regulate the Notch signaling pathway in females (Penn and Schedl, 2007) . The notched wing phenotype of N was shown to be sensitive to Sxl, such that reducing the dose of Sxl suppressed the lethal effects of N hypomorphic alleles. We find that reducing the dose of dgrn can also partially rescue the lethal effects of N hypomorphic alleles suggesting that Dgrn antagonizes N signaling. More specifically, we hypothesize that the rescue of N 1 male lethality is due to a decrease in Sxl expression.
Dgrn heterozygosity also suppresses the vein patterning phenotype associated with N
AX1682
, suggesting that it is required for N signaling in this context also. Interestingly, Dgrn could be antagonizing N by two distinct mechanisms (or a combination of the two): the first an indirect antagonization of N signaling through Dgrn's control of Sxl expression, and the second by direct inhibition of the repressor activities of the E(spl)-C protein by ubiquitylation, thus blocking the repressive arm of the N pathway. The second mechanism has implications in regulating crosstalk between N and EGFR signaling pathways. Further studies will be required to determine the role of Dgrn's STUbL activity and whether Dgrn's activity on E(spl)-C proteins is redundant to EGFR signaling or whether both of these activities are required to antagonize Notch signaling.
